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INTRODUCTION
Green tea contains a wide variety of compounds, including amino acids, polysaccharides, alkaloids, vitamins, essential oils and polyphenols (Chopade et al. 2008) . The polyphenols in green tea are commonly known as catechins and make up to 30%-40% of the extractable solids of dried, non-fermented tea leaves (Chopade et al. 2008) . Human, animal and in vitro studies have provided evidence that green tea polyphenols, more specifically epigallocatechin-3-gallate (EGCG) , that makes up ∼59% of total catechins in green tea, may help reduce the risk of cardiovascular diseases and some forms of cancers, and enhance physiological functions by lowering blood pressure, increasing bone density and controlling body weight (Cabrera, Artacho and Gimenez 2006; Chopade et al. 2008) . A previous epidemiological study has suggested that green tea consumption may reduce the risk of developing periodontal disease, which is the most common chronic inflammatory disorder in adults (Kushiyama et al. 2009 ). Moreover, a clinical study has shown that local delivery of green tea catechins enhances the efficacy of conventional periodontal treatments (Hirasawa et al. 2002) . These observations suggest that green tea catechins may have beneficial effects against periodontal disease.
Periodontitis is a progressive, destructive form of periodontal disease that affects the underlying structures of the periodontium, eventually leading to tooth loss. While periodontitis is initiated by a limited group of Gram-negative bacterial species colonizing subgingival sites, its evolution and severity is mostly mediated by the host inflammatory response (Darveau 2010) . Porphyromonas gingivalis, a late colonizer of the periodontal biofilm, has been strongly associated with the chronic form of periodontitis, where it can be detected in approximately 85% of diseased sites (Yang et al. 2004) . Porphyromonas gingivalis produces a broad array of virulence factors that contribute to tissue colonization and destruction, host defense perturbation and inflammatory tissue destruction (Bostanci and Belibasakis 2012) .
The gingival epithelium, a stratified squamous tissue that acts as an interface between the external environment and the underlying connective tissue, plays an active role in maintaining periodontal health (Dale 2002) . The physical epithelial barrier is composed of closely opposed cells that are attached to each other by specialized intercellular tight junctions (Meyle et al. 1999) . In addition to being a physical barrier against colonization and invasion by periodontopathogenic bacteria, epithelial cells provide an immunological barrier by secreting antimicrobial β-defensin peptides (Dale 2002; Groeger and Meyle 2015) . Porphyromonas gingivalis has developed various strategies to invade the gingival epithelium and overcome its protective functions (Andrian, Grenier and Rouabhia 2006; Sakanaka et al. 2016) . To adhere to and invade epithelial cells, P. gingivalis targets specific host receptors, modulates host signaling events and deregulates the host cytokine network (Andrian, Grenier and Rouabhia 2006; Sakanaka et al. 2016) , disrupting tissue homeostasis and favoring the persistence of bacteria and the progression of chronic manifestations of periodontitis.
In a previous report, we showed that a green tea extract as well as EGCG inhibit the growth and adherence of P. gingivalis (Fournier-Larente, Morin and Grenier 2016) . These compounds also reduce the expression of several P. gingivalis virulence genes involved in host colonization (fimA, hagA, hagB) and tissue destruction (rgpA, kgp) (Fournier-Larente, Morin and Grenier 2016) . In the present study, to further investigate the preventive and therapeutic potential of green tea catechins against periodontal disease, we evaluated the ability of a green tea extract and EGCG to enhance the barrier function of a gingival keratinocyte model and exert a protective effect against invasion by P. gingivalis.
MATERIALS AND METHODS

Green tea extract and EGCG
The commercial green tea extract (Hangzhou Gosun Biotechnologies Co., Ltd, Hangzhou Zhejiang, China) used in the present study has a polyphenol content of 98.42%, including 47.92% of EGCG, according to the company's data sheet. A stock solution was freshly prepared by dissolving 20 mg of powder in 1 mL of sterile warm distilled water and filtering the solution through a 0.22-μm-pore membrane filter. EGCG (Sigma-Aldrich Canada Ltd, Oakville, ON, Canada), the predominant catechin in the green tea extract, was also dissolved in sterile distilled water at a concentration of 10 mg mL −1 and was sterilized by filtration.
Bacteria, growth conditions and fluorescent labeling
Porphyromonas gingivalis ATCC 33277 was grown anaerobically (80% N 2 , 10% CO 2 , 10% H 2 ) for 24 h at 37
• C in Todd-Hewitt broth (BD-Canada, Mississauga, ON, Canada) supplemented with 0.001% hemin and 0.0001% vitamin K. For some experiments, bacteria from an overnight culture were labeled with fluorescein isothyocyanate (FITC) as described in a previous study (Marquis et al. 2012) . FITC-labeled bacteria were washed three times and were suspended in keratinocyte antibiotic-free medium (K-SFM; Life Technologies Inc., Carlsbad, CA, USA).
Human gingival keratinocyte cultures
B11, an immortalized human gingival keratinocyte cell line, which was previously characterized (Groeger, Michel and Meyle 2008) , was used to investigate the effect of the green tea extract and EGCG on epithelial barrier integrity. Keratinocytes were cultivated in K-SFM supplemented with growth factors (50 μg mL
of bovine pituitary extract and 5 ng mL −1 of human epidermal growth factor) and 100 μg mL −1 of penicillin G-streptomycin at 37
• C in 5% CO 2 atmosphere.
Transepithelial electrical resistance
Tight junction integrity was assessed by determining the transepithelial electrical resistance (TER) (Gumbiner and Simons 1986 
Fluorescein isothiocyanate-conjugated dextran transport
The ability of the green tea extract and EGCG (15.625, 31.25 and 62.5 μg mL −1 ) to enhance epithelial barrier integrity was assessed by monitoring the paracellular transport of FITCconjugated 4.4-kDa dextran (FD-4; Sigma-Aldrich Canada Ltd) across the keratinocyte layer based on the protocol described by Khan et al. (2015) . Briefly, B11 cells were cultured on Transwell filters, and FD-4 (1 mg mL −1 in culture medium) was added in the apical compartment in the presence of 15.625, 31.25 and 62.5 μg mL −1 of green tea extract or EGCG. Fluorescence in the basolateral compartment was measured at 0, 4, 8, 24 and 48 h using a Synergy 2 microplate reader (BioTek Instrument, Winooski, VT, USA).
Effect of P. gingivalis on TER
The effect of P. gingivalis on the tight junction integrity of a gingival keratinocyte cell monolayer was investigated by monitoring TER at 0, 4, 8, 24 and 48 h. Porphyromonas gingivalis cells in antibiotic-free K-SFM were added to the apical compartment at a multiplicity of infection (MOI) of 10 4 . The effect of adding the green tea extract or EGCG (15.625, 31.25 and 62.5 μg mL −1 ) together with P. gingivalis cells was also tested.
Immunofluorescent staining of zonula occludens-1 and occludin
Gingival keratinocytes treated as described above for 12 h were immunostained for zonula occludens-1 (ZO-1) and occludin, two tight junction proteins. Briefly, the cells were fixed in 50 mM phosphate-buffered saline (PBS) (pH 7.2) containing 4% paraformaldhehyde for 20 min, permeabilized with 0.1% Triton X-100 for 10 min and blocked in 3% non-fat milk in 20 mM TrisHCl (pH 8), 150 mM NaCl and 0.5% Tween 20 for 40 min. The cells were incubated with 2.5 μg mL −1 of either occludin antibodyAlexa Fluor R 488 conjugate or ZO-1 antibody-Alexa Fluor 594 conjugate in blocking buffer overnight at 4
• C. After washing with PBS, the cells were then treated with ProLong R Diamond antifade (Life Technologies). The slides were sealed with nail polish and were kept in the dark at 4
• C. The localization of tight junction proteins in B11 cells was visualized using an Olympus FSX100 fluorescence microscope and FSX-BSW imaging software (Olympus, Tokyo, Japan).
Invasion of a gingival keratinocyte monolayer by P. gingivalis
B11 gingival keratinocytes cultured as described above were seeded at 2.25 × 10 5 cells per insert in high-throughput screening (HTS) 96-well Costar Transwell plates (8-μm pore size; Corning Co.) and were placed in a Costar black receiver plate (Corning Co.). The basolateral and apical compartments were filled with 0.235 and 0.075 mL of K-SFM, respectively. Following a 48-h incubation, the conditioned medium was replaced with antibiotic-free K-SFM. To determine the ability of P. gingivalis to penetrate the keratinocyte monolayer, FITC-labeled bacteria suspended in antibiotic-free K-SFM were added apically to the double-chamber system at an MOI of 10 4 . To evaluate the effect of the green tea extract and EGCG on the invasive capacity of P. gingivalis, the keratinocyte monolayer was co-incubated with the green tea compounds (15.625, 31.25 and 62.5 μg mL −1 ) and the bacteria at an MOI of 10 4 . The invasion of the keratinocyte monolayer by P. gingivalis cells was monitored by measuring the relative fluorescence units (RFU; excitation wavelength 495 nm; emission wavelength 525 nm) in the medium recovered from the lower chamber following a 24-h incubation in an anaerobic chamber at 37
• C. The gingival keratinocytes were also immunostained for ZO-1 and occludin, as described above.
Proteolytic activity of P. gingivalis
To determine the effect of the green tea extract and EGCG on collagenase activity of P. gingivalis, a 48-h culture was centrifuged at 10 000× g for 10 min. The culture supernatant, the green tea extract or EGCG (15.625, 31.25 and 62.5 μg mL −1 ) and the fluorescent substrate collagen DQ (Molecular Probes, Eugene, OR) (100 μg mL −1 ) were incubated together for 2 h at 37
• C. The fluorescence corresponding to collagen degradation was measured every 30 min using a Synergy 2 microplate reader, with the excitation and emission wavelengths were set at 495 and 525 nm, respectively. Test compounds or the fluorescent substrate alone were used as controls. Leupeptin (1 μM) was used as positive inhibitor control.
To evaluate the effect of tea polyphenols on Arg-and Lys-gingipain activities, whole bacteria were suspended in 10 mM PBS (optical density at 660 nm = 0.05) and incubated with either 5 mM N-α-benzoyl-DL-arginine-p-nitroanilide (Arg-gingipain substrate) or N-p-tosyl-glycine-proline-lysine-pnitroanilide (Lys-gingipain substrate) in the presence of 10 mM dithiothreitol for 1 h at 37
• C. Hydrolysis of the chromogenic substrates was determined by recording the absorbance at 405 nm of the cell-free supernatant of the assay mixtures. Nα-p-tosyl-Llysine chloromethyl ketone hydrochloride (8 mM) was used as positive inhibitor control.
Statistical analysis
Unless indicated otherwise, all experiments were performed in triplicate in three independent experiments. The data are expressed as means ± standard deviations (SD). Statistical analyses were performed using a one-way analysis of variance with a post hoc Bonferroni multiple comparison test (GraphPad Software Inc.; La Jolla, CA, USA). All results were considered statistically significant at P < 0.01 or P < 0.001.
RESULTS
Effect of the green tea extract and EGCG on gingival keratinocyte barrier function
The ability of green tea compounds to modulate the integrity of the gingival keratinocyte tight junction was assessed by monitoring TER values over a period of 48 h. As shown in Fig. 1 , both the green tea extract and EGCG time-dependently induced a significant increase in TER, even after the shortest exposure time (4 h). A 24-h treatment of the keratinocytes with 31.25 and 62.5 μg mL −1 of the green tea extract caused a 1.7-and 1.9-fold increase in TER, respectively, compared to untreated cells. A similar treatment with 31.25 and 62.5 μg mL −1 of EGCG caused a 1.7-and 2.1-fold increase in TER, respectively. To confirm that the green tea extract and EGCG enhanced the function of the keratinocyte barrier, the effect of the green tea compounds on paracellular permeability was investigated by measuring the apical-to-basolateral transport of FITC-dextran. As shown in Fig. 2 , the paracellular transport of FITC-dextran time-dependently increased. However, the green tea extract and EGCG caused a significant decrease in FITC-dextran transport. More specifically, following a 24-h treatment, 31.25 μg mL −1 of either the green tea extract or EGCG reduced FITC-dextran transport by 73.2% and 74%, respectively. We then examined the effect of the green tea compounds on the distribution of two junction proteins (ZO-1 and occludin) by immunofluorescence. Both the green tea extract and EGCG * , significant increase (P < 0.001) compared to untreated control. increased the labeling of ZO-1 and occludin in the areas of cellcell contact (Fig. 3 ).
Protective effect of the green tea extract and EGCG on the P. gingivalis-induced loss of gingival keratinocyte barrier integrity
Since P. gingivalis may have deleterious effects on keratinocyte barrier integrity, we investigated whether the green tea extract and EGCG protect keratinocytes from damage. Treating the keratinocytes with P. gingivalis at an MOI of 10 4 significantly decreased TER. After 24, 48 and 72 h of incubation, P. gingivalis decreased TER by 17.1%, 46.2% and 86.1%, respectively (Fig. 4) . We then examined the effect of the green tea extract and EGCG on TER when the keratinocytes were challenged with P. gingivalis. As shown in Fig. 4 , the green tea extract and EGCG attenuated the P. gingivalis-mediated loss of keratinocyte barrier integrity. The green tea extract (31.25 μg mL −1 ) completely prevented the P. gingivalis-mediated decrease in TER after 48 h. EGCG (31.25 μg mL −1 ) also significantly reduced the ability of P. gingivalis to decrease TER. The protective effect of EGCG appeared more pronounced after a 72-h incubation.
Immunostaining for ZO-1 and occludin was performed to determine whether P. gingivalis affected the keratinocyte barrier through the disruption of these two tight junction proteins. As shown in Fig. 5 , a 12-h treatment of keratinocytes with P. gingivalis (MOI of 10 4 ) was associated with a decrease in ZO-1 and occludin labeling. However, the presence of either the green tea extract or EGCG prevented the decrease in labeling. At the highest concentrations tested, both the green tea extract and EGCG caused a marked increase in labeling, suggesting that ZO-1 and occludin were overproduced.
Protective effect of the green tea extract and EGCG on the migration of P. gingivalis through a gingival keratinocyte monolayer
We then determined the effect of the green tea extract and EGCG on the invasion of a keratinocyte monolayer by P. gingivalis. We showed that FITC-labeled P. gingivalis cells cross the keratinocyte monolayer in a double-chamber system (Fig. 6) . The migration of FITC-labeled P. gingivalis cells through the keratinocyte monolayer was reduced by 41.6% and 44.5% in the presence of 31.25 and 62.5 μg mL −1 of the green tea extract, respectively (Fig. 6A) , while the migration of FITC-labeled P. gingivalis cells through the keratinocyte monolayer was reduced by 22% and 35.8% in the presence of 31.25 and 62.5 μg mL −1 of EGCG, respectively (Fig. 6B ).
Inhibition P. gingivalis protease activity by the green tea extract and EGCG
We then investigated the ability of the green tea extract and EGCG to inhibit the degradation of type I collagen by proteinases contained in a culture supernatant of P. gingivalis. A significant Results are expressed as the means ± SD of triplicate assays from three independent experiments. * , significant increase (P < 0.001) compared to P. gingivalis-stimulated cells not treated with tea compounds. * , significant decrease (P < 0.001) compared to non-stimulated control cells.
dose-dependent inhibition was observed with both the green tea extract and EGCG (Fig. 7) . More specifically, after 2 h, 62.5 μg mL −1 of both the green tea extract and EGCG inhibited the degradation of type I collagen by a P. gingivalis culture supernatant by 91.1% and 94.5%, respectively (Fig. 7) . We also tested the effect of tea polyphenols on cellassociated Arg-and Lys-gingipain activities of P. gingivalis. The green tea extract caused more significant inhibitions of both activities than EGCG. More specifically, the green tea extract and EGCG (125 μg mL −1 ) reduced Arg-gingipain activity by 61.82%
and 16.46%, while inhibiting Lys-gingipain activity by 51.28% and 7.97%, respectively (Table 1) .
DISCUSSION
The oral epithelium plays an active and significant role in maintaining a healthy periodontium by protecting the underlying tissues against physical, chemical and microbial damage (Dale 2002; Groeger and Meyle 2015) . Once the integrity of this epithelium is disrupted, pathogens can invade deeper connective tissues, triggering an inflammatory response, with subsequent bone loss, or causing systemic complications if the bacteria reach the bloodstream and migrate to extra-oral sites. The physical barrier of the oral epithelium is composed of closely opposed cells that are adjoined to each other by specialized intercellular tight junction proteins that govern the permeability of keratinocytes (Meyle et al. 1999) . These tight junctions seal the paracellular space, preventing the passage of bacteria and toxins while allowing the flux of water and nutrients. In addition to providing a physical barrier against colonization and invasion by pathogens, keratinocytes also play a role in the innate immune defense system by secreting antimicrobial peptides, including human β-defensins (Dale and Fredericks 2011) . These cationic antimicrobial peptides interact with the bacterial cell membrane, leading to pore formation and ultimately to the lysis of major periodontopathogens (Joly et al. 2004; Komatsuzawa et al. 2007; Dale and Fredericks 2011) . Given the key protective role of the oral epithelial barrier, food endowed with a capacity to increase the tissue barrier function or neutralize the deleterious effects induced by periodontopathogens are of utmost interest in preventing periodontal disease. In a previous study, we reported that green tea catechins can increase the innate immunity of oral epithelial cells by inducing human β-defensin secretion (Lombardo-Bedran et al. 2014) . In the present study, we used a keratinocyte model to show that both a green tea extract and EGCG can strengthen the oral epithelial barrier, as determined by measuring TER and monitoring the transport of FITC-conjugated 4-kDa dextran. Tight junctions are not static but are highly dynamic structures that constantly change shape due to interactions with internal/external stimuli such as cytokines, growth factors, food residues, and pathogenic and commensal bacteria (Shimizu 2010 ). To date, 40 different proteins have been shown to be located in tight junctions, including ZO-1, occludins and claudins (Liévin-Le Moual and Servin 2006) . In the present study, immunofluorescent staining indicated that the integrity of the oral epithelial barrier is strengthened in the presence of tea polyphenols and that this may result from the overexpression or redistribution of ZO-1 and occludin. ZO-1 is a major tight junctionplaque protein that directly binds to actin-cytoplasmic filaments and to the transmembrane tight junction protein occludin (Van Itallie et al. 2009 ). Occludin is a membrane protein with two extracellular loops and interacts with ZO-1. It has been suggested that occludin plays a role in the regulation of the flux of large macromolecules (Al-Sadi et al. 2011) . These two proteins play a key role in establishing cell-to-cell contacts and in maintaining the function of the epithelial barrier and the permeability of the paracellular pathway. Most studies on the promotive and protective effects of food polyphenols on tight junction barrier function have investigated intestinal epithelial cells (Saglie et al. 1986; Kosinska and Andlauer 2013) . Carrasco-Pozo, Morales and Gotteland (2013) reported that several polyphenols, including EGCG, resveratrol and quercetin, can protect the barrier function of intestinal epithelial cells (Caco-2 cells) against indomethacininduced damage. Indomethacin, a common non-steroidal antiinflammatory drug, may alter intestinal epithelium integrity by lowering the expression of ZO-1 and occludin and altering their localization (Carrasco-Pozo, Morales and Gotteland 2013) . It has been demonstrated in various studies that EGCG can activate or inhibit many cellular processes via short-term or sustained interactions (Lorenz 2013) . Tea polyphenols can also bind to DNA and RNA, suggesting that tea polyphenols may induce changes in gene transcription, first by the nuclear translocation of transcription factors and second by the direct binding of tea polyphenols to regulatory DNA sequences in the nucleus, leading to the activation or suppression of gene transcription (Lorenz 2013) .
Epithelial barrier integrity can be disrupted by bacterial pathogens that target cell-to-cell junctions, creating access to underlying tissues. In the present study, we showed that P. gingivalis can damage the function of the epithelial barrier as indicated by the decrease in TER, the increase in FITC-conjugated 4-kDa dextran transport and the penetration of bacteria through a keratinocyte monolayer in a double-chamber system. These results are in agreement with previous in vivo observations of the presence of P. gingivalis in the junctional epithelium and connective tissue surrounding periodontal lesions (Saglie et al. 1986 ). Choi et al. (2013) used a mouse model of experimental periodontitis to show that the pathogenesis of P. gingivalis-induced periodontitis is associated with an impairment of the physical epithelial barrier, resulting in increased numbers of bacteria in the gingival tissue. Disruption of the epithelium barrier and bacterial invasion of the gingival tissue was accompanied by a reduced expression of ZO-1 in the junctional epithelium (Choi et al. 2013 ).
The green tea extract and EGCG protected the epithelial barrier against the P. gingivalis-mediated damage and prevented the penetration of bacteria through a keratinocyte monolayer. Such protective effects have been previously reported for black tea theaflavins (Ben Lagha and Grenier 2017). Cho et al. (2013) used a ligature-induced periodontitis rat model to show that the systemic administration of EGCG can have a therapeutic effect on periodontal tissue damage by reducing the expression of cytokines such as TNF-α and IL-6, which are involved in bone loss and tissue destruction. The epithelial protection observed in the present study may result in part from the ability of green tea compounds to enhance gingival epithelium barrier function and to neutralize the pathogenic properties of P. gingivalis. Given that bacterial proteinases can degrade a large variety of tissue components during periodontitis and the fact that we observed in this study that the green tea extract and to a lesser extent EGCG inhibit both Arg-and Lys-gingipain activities of P. gingivalis, it suggests that the deleterious effects of P. gingivalis on the keratinocyte barrier integrity are gingipain-dependent. This is in agreement with a study by Groeger et al. (2010) , who provided evidence, using specific gingipain inhibitors and gingipain-deficient mutants, that these proteolytic enzymes are involved in the degradation of cell-to-cell junctions and the disruption of the epithelial barrier. Moreover, Andrian, Grenier and Rouabhia (2004) studied an engineered human oral mucosa model composed of primary epithelial cells and fibroblasts and reported that gingipains are involved in the ability of P. gingivalis to infiltrate multilayered epithelial cell structures, migrate through the basement membrane and reach the underlying connective tissue. Interestingly, incubating the purified junctional protein occludin with P. gingivalis (cells or supernatant) has been reported to induce proteolytic cleavage, as determined by a western blot analysis (Katz et al. 2000) .
Besides their ability to inhibit gingipain activities, we demonstrated that tea polyphenols also reduce the collagenase activity of P. gingivalis. This anti-collagenase activity was expected since it has been previously reported that collagen degradation by P. gingivalis is mainly related to its Arg-gingipain activity (Houle et al. 2003) . While P. gingivalis proteolytic enzymes may degrade several gingival tissue proteins (Potempa, Banbula and Travis 2000) , periodontal tissue destruction is thought to be mostly mediated by host matrix metalloproteinases (Sorsa et al. 2006) . Interestingly, it has been previously reported that EGCG can also inhibit both matrix metalloproteinases activity (Demeule et al. 2000) and their secretion by a macrophage/gingival fibroblast coculture model (Morin and Grenier 2017) .
Not only does P. gingivalis have the ability to penetrate the epithelial physical barrier, it can also attach to, invade and multiply within oral epithelial cells (Sakanaka et al. 2016) . The bacteria use this strategy to protect themselves from the humoral immune system. More specifically, P. gingivalis fimbriae adhere to α5β1 integrin, inducing a signaling cascade that remodels the epithelial cell cytoskeleton to allow bacterial invasion (Yilmaz et al. 2006) . Porphyromonas gingivalis can also spread from one cell to another through an actin-mediated mechanism. It would be of interest to investigate the effect of green tea catechins on this invasive process.
Epithelial barrier dysfunction is multifactorial and can also be modulated by pro-inflammatory cytokines, including TNF-α (Contreras et al. 2015) . Interestingly, we previously reported that a green tea extract and EGCG attenuate the secretion of TNF-α by periodontopathogen-stimulated macrophages by blocking the NF-κB signaling pathway (Ben Lagha and Grenier 2016) .
CONCLUSION
In conclusion, green tea catechins, including EGCG, which is the most important constituent of green tea, enhanced the integrity of a gingival keratinocyte monolayer as shown by the increase in TER and the reduction in FITC-conjugated 4-kDa dextran transport. They also exert a protective effect against the deleterious effects (barrier integrity breakdown, invasion) caused by P. gingivalis. Clinical trials are necessary to determine whether green tea consumption can be beneficial in preventing or combating periodontal disease.
